Molecular cues, such as netrin 1, guide axons by influencing growth cone motility. Rho GTPases are a family of intracellular proteins that regulate the cytoskeleton, substrate adhesion and vesicle trafficking. Activation of the RhoA subfamily of Rho GTPases is essential for chemorepellent axon guidance; however, their role during axonal chemoattraction is unclear. Here, we show that netrin 1, through its receptor DCC, inhibits RhoA in embryonic spinal commissural neurons. To determine whether netrin 1-mediated chemoattraction requires Rho function, we inhibited Rho signaling and assayed axon outgrowth and turning towards netrin 1. Additionally, we examined two important mechanisms that influence the guidance of axons to netrin 1: substrate adhesion and transport of the netrin receptor DCC to the plasma membrane. We found that inhibiting Rho signaling increased plasma membrane DCC and adhesion to substrate-bound netrin 1, and also enhanced netrin 1-mediated axon outgrowth and chemoattractive axon turning. Conversely, overexpression of RhoA or constitutively active RhoA inhibited axonal responses to netrin 1. These findings provide evidence that Rho signaling reduces axonal chemoattraction to netrin 1 by limiting the amount of plasma membrane DCC at the growth cone, and suggest that netrin 1-mediated inhibition of RhoA activates a positive-feedback mechanism that facilitates chemoattraction to netrin 1. Notably, these findings also have relevance for CNS regeneration research. Inhibiting RhoA promotes axon regeneration by disrupting inhibitory responses to myelin and the glial scar. By contrast, we demonstrate that axon chemoattraction to netrin 1 is not only maintained but enhanced, suggesting that this might facilitate directing regenerating axons to appropriate targets.
INTRODUCTION
During development, axons are directed to their targets along defined pathways by extracellular cues (reviewed by Huber et al., 2003; Moore et al., 2007) . Netrins are a family of secreted axon guidance proteins with homology to laminins Yurchenco and Wadsworth, 2004) . In the developing spinal cord, netrin 1 is secreted by the floor plate and guides the axons of spinal commissural neurons (SCNs) to the ventral midline Kennedy et al., 2006) . Axon chemoattraction to netrin 1 requires the transmembrane receptor DCC (Keino-Masu et al., 1996) , association of N-WASP, Pak1 and Fak with the intracellular domain of DCC (Li et al., 2004; Liu et al., 2004; Ren et al., 2004; Shekarabi et al., 2005) , elevation of cytosolic Ca 2+ levels (Hong et al., 2000) , activation of phospholipase C (Ming et al., 1999) , and activation of the Rho GTPases Rac and Cdc42 (Shekarabi et al., 2005; Shekarabi and Kennedy, 2002) .
Growth cone turning is thought to involve the asymmetric formation of adhesive contacts that stabilize protrusions, leading to membrane extension on one side, coordinated with retraction of the trailing edge (reviewed by Dickson, 2002; Huber et al., 2003) . Rho GTPases are a family of intracellular proteins that cycle between an inactive GDP-bound state and an active GTP-bound state (reviewed by Etienne-Manneville and Hall, 2002) . The Rac and Cdc42 subfamilies are implicated in directing cytoskeletal rearrangements within growth cones in response to chemoattractant guidance cues (reviewed by Govek et al., 2005) , including netrin 1 (Shekarabi et al., 2005; Shekarabi and Kennedy, 2002; Yuan et al., 2003) . A third subfamily, RhoA, has three mammalian members (RhoA, RhoB and RhoC), and is implicated in generating repellent responses and growth cone collapse (Driessens et al., 2001; Hu et al., 2001; Jain et al., 2004; Wahl et al., 2000) . Rho GTPases also regulate the formation of adhesive structures in growth cones called point contacts (Renaudin et al., 1999; Woo and Gomez, 2006) . Rac activity promotes the formation of point contacts, while stabilization of point contacts requires inhibiting Rac and activating RhoA (Woo and Gomez, 2006) .
Although the Rho subfamily of Rho GTPases have been implicated in promoting cell migration (Worthylake et al., 2001; Worthylake and Burridge, 2003) , little attention has been paid to their potential role in axon chemoattraction. Here, we report that netrin 1 inhibits RhoA in embryonic rat SCNs. Furthermore, we find that Rho signaling antagonizes axonal outgrowth and turning to netrin 1. We show that Rho inhibition recruits the netrin 1 receptor DCC to the plasma membrane and enhances adhesion to netrin 1. These findings provide evidence of a positive-feedback mechanism whereby netrin 1, through DCC, inhibits RhoA, thereby recruiting additional DCC to the plasma membrane. These findings support the conclusion that netrin 1 inhibition of RhoA promotes axonal chemoattraction by increasing the amount of DCC presented by a growth cone, and by altering intracellular mechanisms that regulate cytoskeletal organization and adhesion.
MATERIALS AND METHODS

Reagents
The following antibodies and reagents were used: mouse IgM anti-Tag1 (4D7) for embryonic spinal cord immunohistochemistry (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA); rabbit antiRho inhibition recruits DCC to the neuronal plasma membrane and enhances axon chemoattraction to netrin 1 Tag1 (TG3) for western blot analysis (provided by Dr Thomas Jessell, Columbia University, New York, NY); rabbit anti-integrin β1 (AB1952, Chemicon, Temecula, CA); mouse IgG anti-RhoA (26C4) and goat anti-DCC (A-20, Santa Cruz Biotechnology, Santa Cruz, CA); mouse IgG anti-DCC (AF5) and Y27632 (Calbiochem, LaJolla, CA); DCC-fc, a protein chimera composed of the extracellular domain of mouse DCC and the Fc portion of human IgG 1 (R & D Systems, Minneapolis, MN); mouse IgG anti-ROCKII (BD Biosciences, Mississauga, Canada); rabbit anti-PRK2 (Cell Signaling, Danvers, MA); DNase, poly-D-lysine (PDL, and Hoechst 33258 (Sigma-Aldrich, Mississauga, Canada); and Neurobasal, FBS, B-27 supplement, GlutaMAX-1, penicillin-streptomycin, Ca 2+ /Mg 2+ -free HBSS, Alexa 546-coupled phalloidin and Jasplakinolide were purchased from Invitrogen Canada (Invitrogen Canada, Burlington, ON). Recombinant netrin 1 protein was purified from a HEK 293-EBNA cell line secreting netrin 1, as described Shirasaki et al., 1996) . C3-07, a fusion peptide of C3-transferase and proline-rich sequences (Winton et al., 2002) , was provided by Lisa McKerracher (Bioaxone, Montreal, QC).
Herpes simplex virus gene delivery
Red fluorescent protein (RFP; Campbell et al., 2002) , Myc tagged human RhoA (wt-RhoA, cDNA Resource Center #RHO0A0MN00) and myctagged constitutively active RhoA (ca-RhoA; Khosravi-Far et al., 1995) were cloned into pHSVPrPUC plasmids (Geller et al., 1990) . These plasmids were transfected into 2-2 Vero cells that were then superinfected with 5dl 1.2 herpes simplex virus (HSV) helper virus 1 day later. Recombinant virus was amplified through three passages and stored at -80°C, as described (Neve et al., 1997) . Equal infection rates of dissociated SCNs were determined by comparing the percentage of cells with endogenous RFP fluorescence or myc immunofluorescence after 12 hours.
Explant cultures
Staged pregnant Sprague-Dawley rats were obtained from Charles River Canada (St Constant, QC). Embryonic day 11 (E11) rat spinal cord (vaginal plug=E0) and E13 dorsal spinal cord explants were dissected as described (Moore and Kennedy, 2008) . For axon turning assays, aggregates of netrinexpressing HEK 293-EBNA cells were prepared and immobilized alongside microdissected segments of E11 spinal cords, as illustrated in Fig. 5A (Moore and Kennedy, 2008) . Explants for turning assays were cultured for 40 hours and E13 dorsal spinal cord explants for 14 hours in Neurobasal/FBS (Neurobasal supplemented with 10% FBS, 2 mM GlutaMAX-1, 100 unit/ml penicillin and 100 μg/ml streptomycin). A Magnafire CCD camera (Optronics, Goleta, CA) and an Axiovert 100 microscope (Carl Zeiss Canada, Toronto, ON) were used to capture digital images of Tag1-positive SCN axons. For quantification of turning assays, images were printed and the deflection distances determined by an observer blind to the experimental condition. For HSV-infected explants, E13 dorsal spinal cords were dissociated in Ca 2+ /Mg 2+ -free Hanks', incubated for 30 minutes at 37°C/5% CO 2 with HSV constructs in Neurobasal/FBS and then 50,000 cells were cultured overnight in 10 μl hanging drops. Explants of reaggregated SCNs were embedded and cultured for 14 hours in Neurobasal/FBS. Outgrowth was measured using Northern Eclipse image analysis software (Empix Imaging, Mississauga, Canada).
RhoA activation and cell surface biotinylation assays
RhoA activation and biotinylation assays were performed on SCNs obtained by microdissection and dissociation of the dorsal halves of E13 rat spinal cords, as described (Moore and Kennedy, 2008) . Neurons were plated in sixwell tissue culture dishes previously coated for 2 hours at room temperature with 2 ml of 10 μg/ml PDL. For the first 12 hours, the media consisted of Neurobasal/FBS. The medium was then changed to Neurobasal/B-27 (Neurobasal supplemented with 2% B-27, 2 mM GlutaMAX-1, 100 units/ml penicillin and 100 μg/ml streptomycin).
For G-LISA assays, two million dissociated SCNs were plated as described above. Following 40 hours in culture, the relative amounts of GTP-bound RhoA in each condition was measured as per the manufacturer's instructions (BK124, Cytoskelton, Denver, CO). The purification of GST-RBD and RhoA pulldown assays were performed as described , except that the lysis buffer for SCNs was 50 mM Tris (pH 7.3), 1% NP-40, 200 mM NaCl, 10 mM DTT, 2 μg/ml aprotinin, 5 μg/ml leupeptin and 1 mM PMSF. Ten million cells were plated per condition for RhoA-GTP pulldown assays. Western blots were visualized using chemiluminescence (PerkinElmer BioSignal, Montreal, QC) and films scanned (ScanJet 5300C, Hewlett-Packard, Mississauga, ON). Band intensities were measured using Photoshop 7.0 (Adobe, San Jose, CA).
Biotinylation of extracellular protein was carried out as described previously (Bouchard et al., 2004) . After 40 hours in culture two million SCNs were pretreated for 1 hour with either 10 μg/ml C3-07 or 10 μM Y27632, and then, in some cases, stimulated for 5 minutes with 50 ng/ml netrin 1. Cells were washed with Ca/Mg PBS (0.1 mM CaCl 2 , 1 mM MgCl 2 in PBS) and labeled for 30 minutes at 4°C with 2.5 mg of EZ-Link Sulfo-NHS-biotin (Pierce, Rockford, IL) dissolved in 2.5 ml of Ca/Mg PBS. The reaction was quenched with 10 mM Glycine in PBS and the cells lysed in RIPA buffer [10 mM phosphate (pH 7.5), 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% deoxycholate, 2 μg/ml aprotinin, 5 μg/ml leupeptin, 1 mM EDTA and 1 mM PMSF]. Labeled proteins were bound to steptavidin-agarose beads (Pierce) for 2 hours at 4°C, then washed several times and analyzed by western blot.
Immunostaining
Round cover glasses (12 mm, no 0 Assistent, Carolina Biological, Windsor, ON) were coated with 400 μl of 10 μg/ml PDL for 2 hours at room temperature for all conditions except those examining growth cone area. For these experiments, 1 μg/ml PDL was applied for 5 minutes followed by either a 3-hour incubation at room temperature with HBSS±2 μg/ml netrin 1 or, for a circular substrate of netrin 1, a 2 μl drop of 100 μg/ml netrin 1. Dissociated SCNs were plated and cultured for 24 hours in Neurobasal/FBS then treated for 1 hour with 10 μg/ml C3-07, 10 μM Y-27632, RFP-HSV, wt-RhoA-HSV or ca-RhoA-HSV, and then stimulated for 5 minutes with 50 ng/ml netrin 1. The cells were then fixed for 30 seconds at 37°C in 4% PFA, 0.1% glutaraldehyde, 250 mM sucrose in PBS (pH 7.5). For plasma membrane DCC labeling, cells were blocked for 1 hour in 3% BSA in PBS, then incubated with 250 ng/ml mouse anti-DCC (AF5, raised against the extracellular domain of DCC) in 1% BSA in PBS overnight at 4°C. Cells were permeabilized for 5 minutes at room temperature in 0.15% triton X-100 PBS and then blocked for 1 hour at room temperature with 0.1% triton X-100, 3% BSA. Primary and secondary antibodies were diluted in PBS with 0.1% triton X-100 and 1% BSA and incubated for 1 hr at room temperature. The following dilutions were used: 1 μg/ml mouse anti-RhoA, 400 ng/ml goat anti-DCC, 1 μg/ml donkey anti-mouse Alexa 546, 1 μg/ml donkey anti-goat Alexa 488, 0.8 U/ml Alexa 546 coupled phalloidin and 500 ng/ml Hoechst 33258. Coverslips were mounted with SlowFade (Invitrogen). DCC immunofluorescence intensity was quantified in growth cones as described (Bouchard et al., 2004) . Heat maps were generated using the 'Fire' LUT in Image J (NIH).
Adhesion assays
Adhesion assays were performed as described (Shekarabi et al., 2005) . Briefly, 20 μl of 0.1% nitrocellulose (Hybond ECL; Amersham Biosciences, Piscataway, NJ) dissolved in methanol (Fisher Scientific, Houston, TX) was dried on the bottom of NUNC four-well plates (VWR International, Mississauga, ON). Substrates were incubated with HBSS±2 μg/ml netrin 1 for 2 hours at room temperature, blocked for 1 hour at room temperature in 1% BSA (Fisher Scientific) in HBSS and then 1% heparin (Sigma) in HBSS. As indicated, some substrates were incubated with 25 μg/ml anti-netrin PN3 (Manitt et al., 2001) or 5 μg/ml DCC-fc for 1 hour. SCNs, 2.5ϫ10 5 per well, were cultured for 2 hours in Neurobasal/B-27 medium in the presence of 10 μg/ml C3-07, 10 μM Y27632 and/or 100 nM Jasplakinolide. Unbound cells were removed by washing with three changes of PBS and the remaining cells fixed with 500 μl 4% PFA in PBS. Nuclei were labeled with 500 ng/ml Hoechst 33258 in PBS for 30 minutes and counted using Northern Eclipse software (Empix Imaging, Toronto, ON).
RT-PCR analysis
Total RNA was extracted from 10 million E14 rat SCNs cultured for 2 days in vitro (DIV) on a PDL-coated (12 ml of 10 μg/ml PDL for 2 hours at room temperature) 10cm dish using TRIzol (Invitrogen Life Technologies, Burlington, Ontario). RT-PCR was performed with 0.5 μg of total RNA per reaction using the QIAGEN OneStep RT-PCR Kit (Qiagen, Mississauga, Ontario). The following primer pairs were annealed at 60°C: RhoA 5ЈAAAGTCGGGGTGCCTCA3Ј and 3ЈGAGGGCGTTAGAGCA -GTGTC5; RhoB 5ЈATGTGCTTCTCGGTAGACAG3Ј and 3ЈAGAA -AAGGACGCTCAGGAAC5Ј; RhoC 5ЈGCCTACAGGTCCGGA -AGAAT3Ј and 3ЈGCACCAACCTAGTTCCCAGA5Ј; ROCKI 5ЈGTAATCGGCAGAGGTGCATT3Ј and 3ЈTCCAGACTTATCC -AGCAGCA5Ј; ROCKII 5ЈCTAACAGTCCGTGGGTGGTT3Ј and 3ЈAGACCACCAATCACATTCTCG5Ј; PRK1 5ЈTGTGTGAGAAG -CGGA TTTTG3Ј and 3ЈACGGCTCGAGTGTAGGATGT5Ј; PRK2 5ЈTTTGCATGTTTCCAAACCAA3Ј and 3ЈGACTCTCCGACGA -GCATTTC5Ј.
RESULTS
RhoA, ROCK and PRK family members are expressed in embryonic SCNs
RhoA is activated in response to repellent axon guidance cues Wahl et al., 2000) ; however, there have been no reports describing how RhoA might be regulated during axonal chemoattraction. Here, we examine how RhoA signaling contributes to the response of embryonic rat SCNs to netrin 1. As described below, we used two pharmacological reagents: C3-07 and Y27632, to investigate the functional role of RhoA signaling in the response to netrin 1. C3-07 is a membrane permeable analog of C3-exozymes (Winton et al., 2002) , a family of bacterial enzymes that inactivate all RhoA family members (RhoA, RhoB and RhoC) through ADP ribosylation (reviewed by Aktories et al., 2004) . Y27632 is a cell permeable ATP analog that selectively inhibits ROCK and PRK family kinases (Davies et al., 2000; Uehata et al., 1997) , both of which are downstream effectors of RhoA signaling (reviewed in Karnoub et al., 2004) . RT-PCR analysis indicated that SCNs express all RhoA, ROCK and PRK family members (Fig. 1A) , and immunoreactivity for RhoA, ROCKII and PRK2 protein were detected in whole cell homogenates of 2 DIV SCNs by western blot analyses (Fig. 1B) . The distribution of these proteins was then examined in the growth cones of embryonic SCNs in dispersed cell culture. Compared with the distribution of RhoA, which was detected throughout the growth cones of SCNs ( Fig. 1C-F) , ROCKII was distributed along the periphery ( Fig. 1G -J) and PRK2 in the central region ( Fig. 1K-N) . Interestingly, a similar distribution of these proteins has been reported in migrating cells, with ROCKII enriched at the leading and trailing edges and PRK2 localized more centrally in the soma (reviewed by Wheeler and Ridley, 2004) . These findings indicate that all the known targets of C3-07 (RhoA, RhoB and RhoC) and Y27632 (ROCKI, ROCKII, PRK1, PRK2) are expressed by SCNs.
Netrin 1 inactivates RhoA in SCNs
RhoA activity was then examined in SCNs at several time points following application of netrin 1. A significant reduction in total GTPbound RhoA was detected within 15 minutes of adding 200 ng/ml netrin 1, using both an ELISA-based (G-LISA) assay and a Rhotekin pulldown assay . Specifically, we observed a 13% reduction using the G-LISA assay ( Fig. 2A) and a 27% reduction using Rhotekin pulldown (Fig. 2B) . Inhibition of RhoA by netrin 1 after 15 minutes was blocked by application of a DCC receptor body (2 μg/ml DCC-fc) or by function blocking antibodies against DCC (5 μg/ml DCC-fb, Fig. 2A ). We conclude that netrin 1 inhibits RhoA in SCNs through a DCC-dependent mechanism.
RhoA inhibits DCC-dependent outgrowth to netrin 1
We then examined the effect of inhibiting RhoA signaling on netrin 1-dependent SCN axon outgrowth. In the absence of netrin 1, few SCN axons emerge from an explant of E13 rat dorsal spinal neuroepithelium when cultured for 14 hours (Fig. 3A) . Outgrowth was not significantly increased by C3-07 (0.007 mm to 0.053 mm, n=5, P=0.624) (Fig. 3D) , whereas Y27632 produced a small increase in mean total axon outgrowth per explant (0.007 mm to 0.149 mm, n=5, P<0.001) (Fig. 3G) . Although this is a significant increase, the extent of axon outgrowth is minor when compared with that evoked by netrin 1 (0.007 mm to 0.823 mm, n=5, P<0.001). In control conditions, without drugs inhibiting RhoA signaling, plotting the amount of axon outgrowth versus the concentration of netrin 1 generates a bell-shaped 2857 RESEARCH ARTICLE Netrin 1 inhibits RhoA via DCC curve that reaches a maximum at ~200 ng/ml netrin 1 (Moore and Kennedy, 2006; Serafini et al., 1994) . The consequences of RhoA inhibition on SCN axon outgrowth were tested at three different netrin 1 concentrations: submaximal at 50 ng/ml, optimal at 200 ng/ml and super-saturating at 600 ng/ml. At each concentration, C3-07 and Y27632 dramatically increased axon outgrowth response to netrin 1 (Fig. 3B ,E,H,J). These results provide evidence that, across a wide spectrum of netrin 1 concentrations, RhoA signaling remains active in SCNs and acts to restrain axon extension. Application of DCC function-blocking antibodies, DCC-fb (Fig. 3C ), significantly reduced outgrowth in the presence of C3-07 (Fig. 3F) or Y27632 (Fig. 3I ) at all concentrations of netrin 1 tested (Fig. 3K ), indicating that DCC is required for the increased outgrowth to netrin 1 induced by inhibiting RhoA signaling.
To further investigate the possibility that RhoA does indeed inhibit outgrowth to netrin 1, we generated and purified recombinant HSV viral vectors encoding myc tagged human RhoA (wt-RhoA) and myc tagged constitutively active RhoA (63L, ca-RhoA). To infect SCNs, E13 dorsal spinal cord explants were microdissected and dissociated. Cells in suspension were then infected with wt-RhoA, ca-RhoA or control virus encoding RFP, and reaggregated overnight in hanging drop cultures. The effect of manipulating RhoA expression on axon outgrowth was examined by microdissecting explants from these aggregates and challenging them with netrin 1 in collagen gel cultures. Overexpression of wild-type RhoA led to a 53% reduction in axon outgrowth evoked by netrin 1 (n=21, P<0.001, Fig. 4B,J) , while expression of ca-RhoA resulted in a 79% reduction (n=23, P<0.001), when compared with infection with a control virus containing RFP. Adding C3-07 or Y27632 increased outgrowth in wt-RhoA-and caRhoA-infected explants, consistent with RhoA signaling inhibiting axon extension in response to netrin 1 (Fig. 4D-J) .
RhoA inhibition promotes axon turning to netrin 1
Inhibiting RhoA signaling with either Y27632 or C3 exoenzyme hinders monocyte migration during transendothelial migration by disrupting cytoskeletal reorganization and interfering with adhesive mechanisms (Worthylake et al., 2001; Worthylake and Burridge, 2003) . As such, the increase in netrin 1 induced SCN axon outgrowth caused by inhibition of RhoA signaling could reflect a severe deregulation of the mechanisms that normally direct axon extension. We hypothesized that such a disruption would interfere with the ability of SCN axons to turn in response to a gradient of netrin 1. To determine whether inhibiting RhoA signaling might disrupt the capacity of an axon to turn, we used an explanted embryonic spinal cord turning assay. In this assay, an aggregate of netrin 1-expressing cells is cultured immediately adjacent to the cut edge of a segment of intact E11 spinal cord and the two are immobilized in a three-dimensional collagen gel (Fig. 5A) . Typically, this source of netrin 1 attracts extending SCN axons over a distance of ~250 μm . In contrast to our expectations, neither C3-07 nor Y27632 hindered the ability of SCN axons to turn towards the source of ectopic netrin 1. In fact, the inhibitors increased the average distance over which these axons turned (Fig. 5B,C,E,G) . The increased axon turning was sensitive to the DCC function blocking monoclonal antibody (Fig. 5B,D,F,H) , indicating that the enhanced chemoattraction requires DCC.
RhoA inhibition increases the amount of plasma membrane DCC in SCNs
Recruitment of DCC to the neuronal plasma membrane from an intracellular vesicular pool increases SCN axon outgrowth and chemoattractive turning in response to netrin 1 (Bouchard et al.,
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Development 135 (17) 2004; Moore and Kennedy, 2006) . In these previous studies, activation of protein kinase A (PKA) increased plasma membrane DCC. Interestingly, PKA activation has been reported to inhibit RhoA (Lang et al., 1996) , raising the possibility that inhibition of RhoA signaling may contribute to the recruitment of DCC to the plasma membrane, thereby enhancing netrin 1-dependent axon outgrowth and turning. We therefore determined whether manipulating RhoA signaling might influence plasma membrane levels of DCC. First, using biotinylation to selectively label cell surface proteins, we detected a 1.5-and a 1.8-fold increase in plasma membrane DCC 1 hour after the application of C3-07 and Y27632, respectively (Fig. 6A) . Consistent with previous findings, application of netrin 1 alone increased plasma membrane DCC (Bouchard et al., 2004) ; however, application of either inhibitor together with netrin 1 did not synergize to further increase the amount of plasma membrane DCC. Plasma membrane levels of the GPI-linked membrane protein Tag-1 were unaltered by RhoA inhibition, indicating that inhibiting RhoA signaling did not evoke a non-specific change in the trafficking of all membrane proteins.
Using immunocytochemistry, we then extended the above findings to determine whether changes in RhoA signaling would influence the amount of plasma membrane DCC presented by SCN growth cones. Specifically, following fixation to selectively label plasma membrane DCC, non-permeabilized cells were labeled using a mouse monoclonal antibody against an epitope in the extracellular domain of DCC (AF5, Calbiochem). The cells were then permeabilized and total DCC was labeled with a goat polyclonal antibody (A-20, Santa Cruz) raised against an epitope in the intracellular domain of DCC. The ratio of plasma membrane DCC 2859 RESEARCH ARTICLE Netrin 1 inhibits RhoA via DCC labeling to that of total DCC within the growth cone was compared across conditions. Consistent with findings from the biotinylation assay, application of RhoA inhibitors significantly increased the amount of plasma membrane DCC detected (Fig. 6B-H ) and the amount of plasma membrane DCC was unaffected by co-application with netrin 1.
RhoA reduces growth cone expansion and adhesion to substrate bound netrin 1 Netrin 1 is a secreted protein, but the vast majority of netrin 1 protein is tightly bound to membranes or extracellular matrix in vivo, and not freely soluble (Manitt et al., 2001; Manitt and Kennedy, 2002; Serafini et al., 1994) . We have previously reported that DCC mediates the adhesion of SCNs to substrate-bound netrin 1 protein (Shekarabi et al., 2005) . Based on the well-described role of RhoA in regulating the maturation of adhesive complexes (reviewed by Arthur et al., 2002) and the increase in plasma membrane DCC induced by RhoA inhibition (Fig. 6) , we tested the hypothesis that inhibiting RhoA signaling might influence SCN adhesion to netrin 1. Cells derived from dissociated E13 spinal cord were plated on a netrin 1 substrate and we observed that RhoA inhibition increased the number of adherent cells (Fig. 7A) by a mean value of 79% with C3-07 (Fig. 7C ) and by 152% with Y-27632 (Fig. 7D) . The increased adhesion to netrin 1 induced by inhibiting RhoA was blocked either by pre-incubation with netrin function blocking antibodies (anti-netrin) or by competition with a DCC receptor-body (DCC-fc, Fig. 7A ). To determine whether the increased adhesion requires reorganization of filamentous actin, we applied the cell permeable reagent jasplakinolide, which stabilizes actin filaments (Scott et al., 1988; Visegrady et al., 2005) , and found that pretreatment with jasplakinolide reduced adhesion to netrin 1 and blocked the effects of inhibiting RhoA signaling (Fig. 7A) .
The assay described above addresses the adhesion of the entire cell to the substrate. To examine guidance choices made by axonal growth cones, we challenged extending SCN axons with a discontinuous substrate of PDL adjacent to a substrate of PDL plus an additional layer of netrin 1, and examined SCN growth cones crossing onto the netrin 1 substrate. Consistent with our previous findings examining axons on uniform substrates of either PDL alone compared with PDL plus netrin 1 (Shekarabi et al., 2005) , we found that the axonal growth cones of SCN axons dramatically expanded once they had crossed onto netrin 1 (Fig. 7E-H) . We hypothesize that the growth cone expansion observed reflects a combination of increased actin polymerization triggered by the activation of intracellular signaling events downstream of DCC and DCCmediated adhesion to substrate bound netrin 1.
To quantify the effect of inhibiting RhoA signaling on growth cone surface area, SCNs were plated on uniform substrates of either PDL alone or PDL plus netrin 1. On substrates of PDL alone, treatment with C3-07 or Y27632 induced growth cone expansion by mean values 67% and 79%, respectively (Fig. 7O,I -K). Consistent with Shekarabi et al. (Shekarabi et al., 2005) , culturing SCNs on a substrate of netrin 1 increased growth cone surface area by a mean of 94%, essentially causing them to double in size. However, adding
Development 135 (17) Fig. 6 . Inhibiting RhoA signaling increases the amount of plasma membrane DCC in SCNs. Plasma membrane levels of the netrin 1 receptor DCC in SCN in vitro were evaluated using biotinylation (A) or immunofluorescence (B-H). Cell-surface levels were measured following 1-hour incubations with either 10 μg/ml C3-07 (C3) or 10 μM Y27632 (Y) and 5 minutes following application of 50 ng/ml netrin 1 (Net), as indicated. In the biotinylation assay (A), C3-07 caused a 50% (n=8, P=0.002) and Y27632 a 78% (n=8, P<0.001) increase in the amount of DCC in the absence of netrin 1. Netrin produced a 37% (n=8, P=0.021) increase, whereas the combination of both netrin and C3-07 or Y27632 generated a 59% (n=8, P<0.001) or 64% (n=8, P<0.001) increase, respectively. No significant change in the amount of cell-surface Tag1 was detected. (B) The ratio plasma membrane DCC immunofluorescence to total cellular DCC immunofluorescence within the growth cone increased in the presence of C3-07 by 9.9% (n=85, P=0.006), Y27632 by 8.7% (n=87, P=0.022), netrin 1 by 6.3% (n=124, P=0.048), netrin 1/C3-07 by 11.0% (n=80, P=0.002) and netrin 1/Y-27632 by 10.7% (n=90, P=0.001). Grayscale images of the plasma membrane (PM) and total DCC immunofluorescence in C-H were converted to heatmaps using the 'Fire' lookup table of Image J (NIH, Bethesda, MD). *P<0.05, **P<0.01. Tukey post-hoc tests of means. Error bars indicate s.e.m. Scale bar: 10 μm.
RhoA or ROCK inhibitors to SCNs cultured on a netrin 1 substrate further increased growth cone area by mean values of 155% and 107%, respectively ( Fig. 7L-O) . These increases in growth cone area were blocked by application of the DCC-fc receptor-body. By contrast, ectopic expression of wt-RhoA or ca-RhoA in SCNs demonstrated that increased RhoA activity reduces growth cone area on a netrin 1 substrate (Fig. 7P-S) . Together, these findings indicate that RhoA signaling inhibits netrin 1-induced growth cone expansion and disrupts adhesive interactions between netrin 1 and its receptor DCC in SCN growth cones.
DISCUSSION
Here, we provide evidence that inhibition of RhoA by netrin 1 promotes embryonic SCN axon chemoattraction. Our findings indicate that netrin 1 inhibits RhoA in SCNs through a DCCdependent mechanism, and, reciprocally, that RhoA signaling inhibits the sensitivity of SCN axons to netrin 1. We demonstrate that RhoA signaling limits the amount of neuronal plasma membrane DCC and DCC-dependent adhesion to immobilized netrin 1. We hypothesize that netrin 1 inhibition of RhoA signaling enhances the chemoattractant response by facilitating DCC function, in part by recruiting additional DCC to the plasma membrane and by promoting DCC signaling mechanisms that lead to membrane extension (Fig. 7T) .
RhoA inhibition during axon chemoattraction
Although RhoA activation has been detected in response to repellent axon guidance cues Wahl et al., 2000) , the possible involvement of RhoA family members during chemoattraction has been largely ignored. Here, we demonstrate that in addition to activating Cdc42 and Rac1 (Shekarabi et al., 2005; Shekarabi and Kennedy, 2002) , netrin 1 also inhibits RhoA. It is, however, unlikely that regulation of RhoA signaling is unique to netrin 1-mediated chemoattraction. Several previous findings support a role for RhoA inhibition in axonal signal transduction during chemoattraction, although these studies did not address this directly. First, transient elevation of intracellular Ca 2+ in cerebellar granule cells is both required for chemoattractant responses to BDNF (Li et al., 2005) and has been reported to inhibit RhoA (Jin et al., 2005) , suggesting that RhoA inhibition may contribute to BDNF-mediated chemoattraction. Second, expression of a constitutively active mutant of RhoA is a potent inhibitor of neurite outgrowth (Fig. 4) (Ruchhoeft et al., 1999) , suggesting that asymmetric inhibition of RhoA signaling across a growth cone might evoke directed movement. Last, the axons of growing X. laevis spinal neurons migrate toward a pipette releasing Y27632 (Yuan et al., 2003) , indicating that RhoA inhibition is sufficient to attract axons. As such, our current findings, in combination with these earlier 2861 RESEARCH ARTICLE Netrin 1 inhibits RhoA via DCC studies, provide evidence that local inhibition of RhoA may be a general mechanism that contributes to axonal chemoattractant responses.
RhoA regulates DCC plasma membrane presentation DCC is distributed both on the plasma membrane and sequestered in an intracellular vesicular pool in embryonic rat SCNs (Bouchard et al., 2004) . We show that inhibiting RhoA increases the amount of plasma membrane DCC. This could reflect described roles for RhoA signaling in endocytosis (reviewed by Qualmann and Mellor, 2003) and exocytosis (reviewed in Gasman et al., 2003) . RhoA signaling is implicated in the transient reorganization of cortical actin, which is postulated to act as a barrier to vesicle traffic to and from the plasma membrane (Aunis and Bader, 1988; Gasman et al., 1997; Gasman et al., 2003; Sullivan et al., 1999; Vitale et al., 1995) . Inhibiting RhoA with C3-exoenzyme in chromaffin cells led to the dissolution of cortical actin and enhanced exocytosis (Gasman et al., 1997) . Additionally, RhoA signaling may influence DCC endocytosis through clathrin dependent or clathrin-independent mechanisms. RhoA signaling plays a well characterized role in clathrin-independent internalization of the transmembrane interleukin 2 receptor (Lamaze et al., 2001 ) and clathrin-independent type II phagocytosis by immune cells (Caron and Hall, 1998; Chimini and Chavrier, 2000) . In polarized MDCK cells, expression of dominant-active RhoA stimulated (whereas dominant negative RhoA reduced) clathrin-mediated immunoglobulin receptor endocytosis (Leung et al., 1999) . We are currently investigating the specific mechanisms underlying DCC trafficking in SCNs.
The result of inhibiting RhoA signaling on cell-surface DCC differs in several ways from our earlier findings demonstrating a role for PKA regulating plasma membrane presentation of DCC (Bouchard et al., 2004) . In agreement with our current findings, Bouchard et al. (Bouchard et al., 2004) found that application of netrin 1 alone produced a modest increase in plasma membrane DCC. By contrast, activating PKA generated a larger increase in plasma membrane DCC, but this only occurred in the presence of netrin 1. We hypothesized that this was due to PKA activity enhancing the recruitment of DCC to the plasma membrane and netrin 1 stabilizing DCC at the cell surface. According to this model, in the absence of netrin 1, plasma membrane DCC is efficiently internalized. Addition of netrin 1 alone, without PKA activation, is predicted to bind DCC that would otherwise constitutively cycle on and off the cell surface and thereby stabilize DCC at the plasma membrane. Our current findings indicate that inhibition of RhoA signaling generates an increase in cell surface DCC independently of added netrin 1. Furthermore, the increase was not significantly different from the increase in cell surface DCC produced by netrin 1 alone. These findings suggest that although PKA can directly inhibit RhoA (Ellerbroek et al., 2003; Forget et al., 2002; Lang et al., 1996; Qiao et al., 2003) , the PKA induced recruitment of DCC to the plasma membrane described by Bouchard et al (Bouchard et al., 2004 ) must engage additional mechanisms beyond inhibition of RhoA signaling.
Adhesion, RhoGTPase signaling and netrin 1/DCC interactions Early studies indicated that axon extension requires adhesion to a substrate (Harrison, 1914) and subsequent studies have identified essential roles for mechanical coupling between the substrate and the growth cones cytoskeleton (Schmidt et al., 1995; Suter and Forscher, 2000) . Importantly, however, the adhesivity of a substrate is not a reliable predictor of the guidance choices made by an extending axon (Burden-Gulley et al., 1995; Isbister and O'Connor, 1999; Lemmon et al., 1992) . These findings indicate that, although adhesion to a substrate is required for motility, mechanisms in addition to adhesion, such as the engagement of specific intracellular signaling pathways, are required for appropriate axon guidance. For example, we have demonstrated that DCC-expressing cells adhere to a netrin 1 substrate; however, depending on the context, netrin 1 can function as a chemoattractant or conversely a chemorepellent, and DCC can contribute to responses in both directions (reviewed by Huber et al., 2003; Moore et al., 2007) .
In migrating cells, two broad categories of adhesion sites can be distinguished: 'focal complexes', which support protrusion and traction of the leading edge of a cell; and larger 'focal adhesions', which provide longer term anchorage (reviewed by Kaverina et al., 2002; Ridley et al., 2003) . RhoA GTPases are important coordinators of these adhesive structures; Rac and Cdc42 signal the assembly of focal complexes, whereas RhoA promotes the maturation of focal complexes into focal adhesions. An antagonistic relationship exists between Rac/Cdc42 and RhoA pathways. For example fibroblast migration to fibronectin inhibits RhoA while activating Rac and Cdc42 (del Pozo et al., 2000; Price et al., 1998; Ren et al., 1999) . This pattern of activation is consistent with netrin 1 activating Rac and Cdc42 (Shekarabi et al., 2005; Shekarabi and Kennedy, 2002) , and our finding that netrin 1 inhibits RhoA. Notably, in migrating cells, inhibition of RhoA promotes the initiation of focal complexes by Rac (Rottner et al., 1999; Sander et al., 1999) . Thus, in SCNs, inhibition of RhoA by netrin 1 may facilitate activation of Rac and Cdc42 and therefore promote chemoattractive turning by enhancing the formation of focal complex-like transient adhesions and the extension of the leading edge of the growth cone.
RhoA inhibition promotes chemoattraction to netrin 1
In contrast to our findings that RhoA inhibition promotes chemoattraction to netrin 1, a recent study concluded that inhibiting RhoA signaling disrupted the guidance of neurites from an explant of embryonic cerebellum toward a source of netrin 1 (Causeret et al., 2004) . These findings may be reconciled with ours by considering the essential role of RhoA activation in growth cone repulsion. Causeret and colleagues assayed neurite outgrowth from precerebellar explants into a collagen gel, a three-dimensional matrix that does not promote neurite extension by these cells. In the assay used, a local source of netrin 1 overcomes the inhibitory collagen, generating neurite outgrowth biased toward the netrin 1 source. By contrast, inhibiting RhoA generated a radial distribution of outgrowth from the explant, consistent with the collagen no longer functioning as a non-permissive matrix for neurite extension. We interpret this finding not as a loss of the capacity to respond to a chemoattractant, but as the loss of the response to collagen as an inhibitor of neurite extension.
RhoA inhibition, axon regeneration and axon guidance Inhibition of RhoA and signaling mechanisms downstream of RhoA have been used to promote axon regeneration following spinal cord injury (Dergham et al., 2002; Fournier et al., 2003) . In these studies, inhibiting RhoA signaling significantly enhanced axon extension in spite of growth inhibitors associated with myelin and the glial scar. Although crossing an injury site involves the axon ignoring cues that would normally be effective inhibitors of axon regeneration, for
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Development 135 (17) successful regeneration to occur, axons must regain the ability respond appropriately to cues that will guide them to their targets and promote synapse formation. When initiating this study, we anticipated that inhibiting RhoA signaling would probably disrupt the ability of axons to response to guidance cues, such as a chemoattractant like netrin 1. Contrary to these expectations, we determined that chemoattraction to netrin 1 was not only intact, but enhanced when RhoA signaling was inhibited. Importantly, this provides evidence that although inhibiting RhoA signaling leads to a loss of sensitivity to certain growth inhibitory cues, axonal growth cones retain the capacity to respond to at least some growthpromoting cues and suggests that this might be manipulated to direct regenerating axons to appropriate targets.
